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Abstract
In this report, we present our recent studies on the Λ(1405, 1/2−) ≡ Λ∗ photoproduction via
the γp → K+pi±Σ∓ scattering process, employing a coupled-channel formalism, i.e., the chiral
unitary model, which respects chiral dynamics in terms of the Weinberg-Tomozawa meson-baryon
interaction. In addition to the dynamically generated s-wave resonance, Λ∗, we include the p-wave
resonance contribution from Σ(1385, 3/2+). We observe that the p-wave contribution provides
considerable effects on the piΣ invariant-mass spectrum. It also turns out that, within the present
level of calculations, we can reproduce hardly the recent Λ∗-photoproduction experiment by LEPS
collaboration at SPring-8.
PACS numbers: 13.60.Le, 14.20.Jn
Keywords: Λ(1405) photoproduction, chiral unitary model, p-wave resonance
∗E-mail: sinam@yukawa.kyoto-u.ac.jp
†E-mail: jido@yukawa.kyoto-u.ac.jp
Typeset by REVTEX 1
ar
X
iv
:0
90
1.
41
75
v1
  [
he
p-
ph
]  
27
 Ja
n 2
00
9
I. INTRODUCTION
To date, Λ(1405, 1/2−) ≡ Λ∗ has been a center of discussions on the generation of reso-
nances with strangeness. Especially, we have had many arguments on the internal structure
of Λ∗, which differs from usual color-singlet three-quark baryons for instance [1, 2]. In terms
of chiral dynamics, Λ∗ is also proposed to be a quasi K¯N bound state as an s-wave reso-
nance [3]. Related to this interesting subject, there have been many theoretical works done
in Refs. [4, 5, 6, 7, 8, 9, 10] and references therein. Experimentally, the hadron-induced
productions of Λ∗ were explored in Refs. [11, 12, 13, 14], whereas the photon-induced exper-
iments have been performed mainly by LEPS collaboration at SPring-8 in Japan [15, 16, 17].
The recent experiment for the Λ∗ photoproduction via the γp → K+pi±Σ∓ scattering
process, conducted by LEPS collaboration [17], showed considerable angular dependence of
its production rate. In comparison to the previous experiment [15], in which the outgoing
pion and kaon were detected almost in a forward angle region, the new experiment measured
the pion for a wider angle using the time-projection chamber (TPC), whereas the kaon was
detected for a forward angle in a similar way to that of the previous one. Typical features
observed in the new experiment are given as follows:
• There is a larger Λ∗-production rate for the pi−Σ+ channel than that for the pi+Σ−
one, while their production rate were similar to each other in the previous experiment.
We note that the production rate for the pi−Σ+ channel is almost twice in comparison
to that for the pi+Σ− one in the K+X missing mass spectrum.
• As the energy of the incident photon increases, the Λ∗-production rate decreases dras-
tically. In other words, Λ∗ is produced mainly in the vicinity of the threshold. Con-
sidering the Σ(1385, 3/2+) ≡ Σ∗-photoproduction experiment by CLAS collaboration
at Jafferson Lab [18], the Λ∗-production rate is about seven times larger for the region
Eγ <∼ 2.0 GeV than that beyond it.
If this is the case, the difference between the two experiments [15, 17] may tell us that the
angular dependence of the Λ∗-production mechanism is of great importance. In the present
work, we want to investigate this interesting observation theoretically, employing a coupled-
channel formalism, i.e., the chiral unitary model (χUM), which has explained the nature
of Λ∗ successfully as a s-wave resonance as well as a quasi-bound state of K¯N [19, 20]. It
is worth mentioning that Λ∗ has been also interpreted as a two-pole structure within the
framework [21]. The Λ∗ photoproduction via the γp → K+pi±Σ∓ scattering process was
already explored using the χUM with only the s-wave meson-baryon interaction, such as the
Weinberg-Tomozawa one [22]. In order to take into account the angular-dependent meson-
baryon interaction, we include a p-wave contribution from Σ(1385, 3/2+) additionally, as
done by one of the authors (D.J.) in Ref. [23].
Incorporating these previous works [22, 23], we want to provide theoretical interpreta-
tions on the interesting recent experimental data. As numerical results, we present the piΣ
invariant-mass spectrum for the two different isospin channels as well as the Dalitz plot as
a function of the two invariant masses, MpiΣ and MKpi. From these results, we observe that
the effects from the Σ∗-pole contribution is compatible in comparison with that of Λ∗. Un-
fortunately, the large difference between the isospin channels is not reproduced within the
present level of calculations, in which the production mechanism of Λ∗ and Σ∗ is partially
considered. Moreover, the typical energy dependence is also hard to be explained. From
these observations, we conclude that it is necessary to include more realistic contributions,
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FIG. 1: Feynman diagrams for the meson-baryon scattering (ΦiBi → ΦjBj) with the Weinberg-
Tomozawa (left) and the Σ∗-pole (right) contributions. The solid and dashed lines denote the
baryon and pseudoscalar meson, respectively, whereas the double-solid line the Σ∗.
which reflect the structural information of Λ∗, such as a diagram with a meson-baryon loop,
to which the incident photon couples, etc..
We organize this report as follows: in Section II we provide formalism for the χUM with
the s- and p-wave contributions. The Λ∗-photoprodution amplitude is computed in the
present approach in Sectoin III. Numerical results and discussions are given in Section IV.
The final section is devoted to summary and conclusion.
II. CHIRAL UNITARY MODEL (χUM) WITH p-WAVE CONTRIBUTION
In this section, we want to make a brief introduction for the chiral unitary model (χUM),
which is a coupled-channel method based on the low-energy chiral interaction and unitarity.
By virtue of the unitarity, one can explore the region beyond the ground-state baryons.
Within the framework, the meson-baryon interaction can be expressed by the s-wave chiral
Lagrangian, i.e., the Weinberg-Tomozawa (WT) interaction:
LWT = −iCij
4f 2
B¯j[Φj(/∂Φi)− Φi(/∂Φj)]Bi + h.c., (1)
where the subscripts i and j stand for the initial and final meson-baryon channels, respec-
tively. Cij stands for a 10× 10 coefficient matrix for SU(3) octet meson-baryon channels as
given in Ref. [19], whereas B and Φ the 3 × 3 ground-state SU(3) octet baryon and meson
fields, respectively. f stands for a normalization constant of the meson fields, which is chosen
to be f = fpi × 1.123 [23].
As mentioned previously, we will consider the p-wave contribution by introducing the
contribution from Σ(1385, 3/2+) ≡ Σ∗ explicitly as done in Ref. [23]. For this purpose, we
make use of the following Yukawa interaction for the ΦBΣ∗ vertex:
LΦiBiΣ∗ = DiΣ¯∗µ(∂µΦ)B + h.c., (2)
where Di denotes a diagonal matrix for the ΦBΣ
∗-coupling strength, computed from the
flavor SU(3) symmetry, and can be defined as
Di =
12C∗i
5
D + F
2f
, (3)
where we have used D = 0.85 and F = 0.52, and the 10 × 10 diagonal matrix C∗ is given
in Ref. [23]. Using the effective Lagrangians given in Eqs. (1) and (2), one can write an
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elementary meson-baryon scattering amplitudes at tree level, which are the WT and Σ∗-
pole contributions, as depicted in Fig. 1, respectively:
Vji = VWT,ji + [2(kˆj · kˆi)− iσ · (kˆj × kˆi)]VΣ∗,ji, (4)
where the two scalar potentials read:
VWT,ji = −Cji
4f 2
(
2
√
s−Mj −Mi
)
, VΣ∗,ji = −DjDi
3
|kj||ki|√
s− EΣ∗ , (5)
where EΣ∗ = (p
2
Σ∗+M
2
Σ∗)
1/2. Mi and
√
s stand for the mass of the baryon in the ith-channel
and the total energy in the center of mass frame, resepctively. Note that, in deriving Eqs. (4)
and (5), we have made non-relativistic reduction of the scattering amplitudes, since we are
interested in the vicinity of the threshold of each channel, and taken into account only the
leading contributions, which are functions of the meson momenta only. kˆ indicates the unit
vector in the direction of the meson three momentum k. The absolute value of the three
momentum and energy for the meson in the i-channel can be written as:
|ki| =
√
E2i −m2i , Ei =
s+m2i −M2i
2
√
s
. (6)
Here, mi stands for the mass of the meson for the ith-channel. Collecting all ingredients
discussed so far, we can write the total scattering amplitude for ΦiBi → ΦjBj as follows:
Tji = TWT,ji + [2(kˆj · kˆi)− iσ · (kˆj × kˆi)]TΣ∗,ji, (7)
where we have performed angular integrals over kˆl, and the unitarized amplitudes for each
contribution, TWT and TΣ∗ , become:
TWT =
1
[1− VWTG]VWT, TΣ
∗ =
1
[1− VΣ∗G]VΣ
∗ . (8)
We note that Gl indicates the on-shell factorized meson-baryon propagator, defined as:
Gl(
√
s) = i
∫ d4q
(2pi)4
2Ml
[(
√
s− q)2 −M2l ](q2 −m2l )
. (9)
Applying the dimensional regularization scheme to tame the loop divergence, we have the
following analytic expression for Gl:
Gl(
√
s) =
2Ml
16pi2
[
m2l −M2l + s
2s
ln
m2l
s
+
ξl
2s
ln
M2l +m
2
l − s− ξl
M2l +m
2
l − s+ ξl
]
+
2Ml
16pi2
ln
M2l
µ2
, (10)
where ξl = [(M
2
l −m2l − s)2 − 4 sm2l ]1/2, and µ denotes the renormalization scale, corre-
sponding to subtraction constants in the N/D method [19]. Converting the last term in the
r.h.s. of Eq. (10) to the subtraction parameters, we have them as listed in Table. I [23]. We
note that these parameters are determined to reproduce the S = −1 meson-baryon scat-
tering data and slightly different from those given in Refs. [19], since these were obtained
considering the p-wave contributions additionally. However, the difference between the two
parameter sets are almost negligible.
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FIG. 2: Relevant Feynman diagrams for the γp → K+pi±Σ∓ reaction process at tree level. Each
diagram corresponds to the contributions, a (left), b (middle), and c (right), respectively, given in
Eq. (11). The line styles are the same with those shown in Fig. 1.
III. SCATTERING AMPLITUDE FOR γp→ K+pi±Σ∓ VIA χUM
Now, we are in a position to consider the photoprodcution of the Λ(1405) from the γp→
K+pi±Σ∓ reaction process. In order to conserve the Ward-Takahashi identity for the process,
it is necessary to include all topologically possible diagrams, in which the incident photon
can couple to a certain vertex. However, we take into account only the contact-interaction
diagrams as shown in Fig. 3, which are simply obtained by gauging the interactions of
Eqs. (1) and (2). According to this simplification, the tree-level photoproduction amplitude
reads in the center of mass frame:
V s,pγ = i[σ · (ˆ× kˆγ)]Va︸ ︷︷ ︸
(a)
+ [2(kˆpi · ˆ)− iσ · (kˆpi × ˆ)]Vb︸ ︷︷ ︸
(b)
+ [2(ˆ · kˆK)− iσ · (ˆ× kˆK)]Vc︸ ︷︷ ︸
(c)
. (11)
where the amplitudes, V a,b,c, are written by:
Va =
(epi − eK)CK¯p→piΣ|kγ − kK |
8f 2MN
,
Vb =
eK |kpi|
3
DK¯pDpiΣ
Eγ + Ep − EK −MΣ∗ ,
Vc =
epi|kK |
3
DK¯pDpiΣ
Ep − EK −MΣ∗ , (12)
where epi and eK denote the unit electric charges for the outgoing pion and kaon, respectively.
Similarly to the manipulation in the previous section, we can write the total scattering
amplitude as follows:
Tγ = [iσ · (ˆ× kˆγ)]Ta︸ ︷︷ ︸
(a′)
+ [2(kˆpi · ˆ)− iσ · (kˆpi × ˆ)]Tb︸ ︷︷ ︸
(b′)
+ [2(ˆ · kˆK)− iσ · (ˆ× kˆK)]Tc︸ ︷︷ ︸
(c′)
, (13)
aK¯N apiΣ apiΛ aηΛ aηΣ aKΞ
−1.84 −2.00 −1.83 −2.25 −2.38 −2.67
TABLE I: Subtraction parameters for each channel.
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where
Ta = Va + VaGTWT,
Tb = Vb + VbGTΣ∗ ,
Tc = Vc + VcGTWT. (14)
In the numerical calculations, as for the meson-baryon scattering amplitudes, TWT and TΣ∗
in Eq. (8), and the meson-baryon propagator, G in Eq. (10), we have substituted
√
s with
the piΣ invariant mass, MpiΣ.
IV. NUMERICAL RESULTS
In this section, we present the numerical results for the γp→ K+pi±Σ∓ reaction process,
using the χUM. First, we show the piΣ invariant-mass spectrum as a function of MpiΣ at
Eγ = 1.7 GeV in Fig. 3, using Eq. (15) defined in Appendix. We depict the two different
isospin channels, pi+Σ− (left panel) and pi−Σ+ (right panel), separately. The thin lines
denote the case without the Σ∗-pole contribution, whereas thick ones with it. As shown
in the figure, the effect of the Σ∗-pole contribution plays an important role to produce
the shape of the invariant-mass spectrum. However, the interference pattern between the
two isopsin channels are different in such way that it is destructive for the pi+Σ− channel,
whereas constructive for the pi−Σ+ one. This behavior can be understood approximately by
the fact that there is a sign difference in the coefficient C∗ in Eq. (3) for the two channels:
C∗pi+Σ− = −1/
√
2 and C∗pi−Σ+ = 1/
√
2 for the Σ∗-pole contribution.
The strength of the invariant-mass spectrum turns out to be qualitatively larger for the
pi−Σ+ channel than that for the pi+Σ− one. This tendency is rather different from that
observed in the recent LEPS experiment [17]: pi−Σ+ < pi+Σ−. Although we do not show the
results for higher photon energy being larger than 1.7 GeV, we verified that the strength
of the invariant-mass spectrum increases with respect Eγ for both isospin channels. Again,
this energy dependence is not consistent with the experimental observation as mentioned in
Section I. This unfavorable results in the present approach, in comparison to the experiment,
may tells us that more complicated and realistic contributions, which reflect the internal
structure of Λ∗ for instance, are necessary.
Finally, in Fig. 4, we show the Dalitz plots as a function of MpiΣ and MKpi for the two
different isospin channels, pi+Σ− (left panel) and pi−Σ+ (right panel), at Eγ = 1.7 GeV. Note
that, since the kinematically possible region for the Dalitz plot at Eγ = 1.7 GeV contains
only negligible effects from K∗0(892), which decays into pi−K+, we have not considered
the K∗0(892)-pole contribution in the present work. As the photon energy grows, it is
necessary for us to consider its effects, making an interference pattern between the K∗ and
(Λ∗ + Σ∗) contributions. We note that this sort of interferences may play an important
role to understand complicated aspects of resonance findings. It is worth mentioning that a
related argument was done for a method to find the exotic pentaquark Θ+ with more larger
statistics in Ref. [24].
As seen in the Dalitz plots, the peak structure is rather different between the two isospin
channels; the effect from the Σ∗-pole contribution becomes weak as MpiK increases for the
pi−Σ+ channel, whereas it remains almost the same for the pi+Σ− one. This tendency is
caused by a complicated interference between the resonant contributions.
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FIG. 3: piΣ invariant-mass spcetrum as a function of MpiΣ for the two different isospin channels,
pi+Σ− (left) and pi−Σ+ (right), at Eγ = 1.7 GeV. Thin lines denote the case without the Σ∗
contribution, whereas thick ones with it.
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FIG. 4: Dalitz plot as a function of MpiΣ and MKpi for the two different isospin channels, pi+Σ−
(left) and pi−Σ+ (right), at Eγ = 1.7 GeV.
V. SUMMARY AND CONCLUSION
We have studied the Λ(1405, 1/2−) ≡ Λ∗ photoproduction, using the chiral unitary model,
with the p-wave Σ∗-pole contribution. The scattering amplitude was computed by unitariz-
ing the element γp → K+pi±Σ∓ scattering process, which was derived from the Weinberg-
Tomozawa meson-baryon interaction with the Σ∗-pole contribution. All the necessary pa-
rameters, such as the renormalization scale, were determined to reproduce the experimental
data for the S = −1 meson-baryon scattering processes with p-wave contributions.
As for the numerical results, we presented the piΣ invariant-mass spectrums as well as
the Dalitz plots for the two different isospin channels, pi±Σ∓. We observed that the Σ∗-pole
contribution plays an important role to produce the invariant-mass spectrum. In contrast to
the recent LEPS experiment, the strength of the invariant-mass spectrum was slightly larger
for the pi−Σ+ channel than the pi+Σ− one. Moreover, the experimentally observed energy
7
FIG. 5: Feynman diagrams with the meson-baryon loop, to which the incident photon couples.
dependence of the Λ∗-production rate was not seen in the present results. The analysis
on the Dalitz plot showed that there were obvious different interference patterns for the
resonance contributions for the two ispspin channels.
Considering these unfavorable results in comparison to the experimental data, it seems
necessary for us to incorporate more realistic and complicated contributions, such as the
meson-baryon loop, to which the incident photon couples, etc., as shown in Fig. 5. From
this sort of contributions, one may extract information on the internal structure of Λ∗,
which has been suggested to be different from usual color-singlet baryons. Moreover, since
p-wave contributions can appear even from the Weinberg-Tomozawa interaction, if we go
beyond the leading contributions, there can be some extend of modifications for the present
results. It is worth mentioning that another new experiment for the Λ∗-photoproduction has
been performed and under analyses by LEPS collaboration at SPring-8 [25]. More detailed
theoretical works are underway and will appear elsewhere.
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Appendix
Considering a specific experimental setup, such as that of LEPS collaboration at SPring-
8, we are interested in the case that the outgoing K+ is detected in a very forward angle,
θK ≈ 0, in the center of mass frame. This condition simplifies the kinematics of the present
scattering process considerably, and we can define the following double-differential cross
section as a function of the piΣ invariant mass MpiΣ and the angle θK :
d2σ
dMpiΣ d cos θK
=
∫ MKpiMpiΣ dMKpi
128pi3 s3/2Eγ
|M|2, (15)
where the outgoing Σ is scattered isotrophically for the azimuthal angle φΣ as a consequence
of θK ≈ 0. According to the specific kinematical condition, the four momenta of the relevant
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particles can be written in the center of mass frame as follows:
kγ = (Eγ, 0, 0, k),
kp = (Ep, 0, 0,−k),
kK = (EK , 0, 0, pK),
kpi = (
√
s− EK − EΣ, 0,−pΣ sin θΣ,−pK − pΣ cos θΣ),
kΣ = (EΣ, 0, pΣ sin θΣ, pΣ cos θΣ). (16)
Here, Eh stands for the relativistic energy for a particle h, E =
√
M2h + |kh|2. The absolute
values of the three momenta for K+ and Σ, pK and pΣ, respectively, become
pK =
(s+M2K −M2piΣ
2
√
s
)2
−M2K
1/2 , pΣ =
(s+M2Σ −M2Kpi
2
√
s
)2
−M2Σ
1/2 . (17)
The angle θΣ is determined from the following condition that
cos θΣ =
(
√
s− EK − EΣ)2 −M2pi − p2K − p2Σ
2pKpΣ
, (18)
which defines the kinematically allowed region, confined by the minimum and maximum
values of the Dalitz plot:
(MK +Mpi)
2 ≤M2Kpi ≤ (
√
s−MΣ)2, (Mpi +MΣ)2 ≤M2piΣ ≤ (
√
s−MK)2. (19)
|M|2 indicates the squared invariant amplitude, averaged over the spin and polarization:
|M|2 = 1
4
∑
spin,pol
|M|2. (20)
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